A djAcent-segment lumbar disease (ASLD) refers to the development of pathology in the mobile segment proximal or distal to a previous lumbar fusion. Adjacent pathology includes disc degeneration, disc herniation, listhesis, instability, stenosis, hypertrophic facet arthritis, scoliosis, and vertebral compression fracture. 7, 13 The prevalence of ASLD is widely variable in the literature as some studies refer to radiographic rather than symptomatic disease.
for tissue muscle dissection. 10 The CBT screws are then placed with medial to lateral angulation as opposed to the lateral to medial angulation used in the traditional pedicle trajectory. These technical differences between CBT and traditional pedicle trajectory allow for posterior fixation with CBT to be performed in a smaller operative corridor. This allows CBT to be easily incorporated into minimally invasive techniques. Minimally invasive surgical techniques provide multiple advantages, which include less tissue trauma and less recovery time. 19, 23 Recently, minimally invasive surgery has been coupled with advancements in image-guided technologies. 12 In this study, we combine neuronavigation and CBT to treat patients with symptomatic ASLD. We describe 5 patients with symptomatic ASLD who underwent navigated CBT pedicle bone screw fixation to stabilize adjacent spinal levels. This unique technique resulted in a spinal level in which 1 pedicle was instrumented with 2 screws (1 traditional pedicle screw and 1 CBT screw), and negated the need to remove preexisting hardware. We also provide a technical guide for spine surgeons who want to incorporate this novel technique into their armamentarium.
Methods

Data Collection
After approval from the institutional review board of Wake Forest University, a retrospective review of patients who underwent lumbar fusion by a single surgeon (the senior author) using CBT was conducted. Eighty-five patients had undergone lumbar fusion with CBT from August 2011 to March 2013. Of these patients, only 5 had undergone lumbar fusion for ASLD with CT-guided intraoperative navigation. Basic demographics, including surgical indications, are presented in Table 1 .
Surgical Procedure
All but 1 patient underwent exposure of the spinal level to be fused with the Minimal Access Spinal Technologies (MAST) Midline Lumbar Fusion (MIDLF) system (Medtronic). Intraoperative navigation was performed using a 3D O-arm system (Medtronic Navigation) in conjunction with the StealthStation navigation system (Medtronic Navigation). After exposure, the reference frame was attached to the spinous process above the level to be fused (Fig. 1 ). Prior to CBT screw placement, an intraoperative CT (O-arm) scan was obtained and these images were transferred to the navigation station. Cortical bone trajectory for pedicle fixation was navigated using the StealthStation (Fig. 2) . Cortical bone trajectories were also navigated in pedicles with a preexisting screw (Figs. 3 and 4) . After trajectories were planned, bilateral hemilaminectomies and medial facetectomies were performed at the level to be fused to gain access to the disc space. Capstone or Capstone Control interbody grafts (Medtronic) were placed prior to placing screws and rods.
Clinical postoperative follow-up and radiographic imaging was reviewed for all patients. Lenke fusion grade was determined from analysis of radiographic imaging. The Lenke fusion grade is used to categorize radiographic fusion patterns. Grade A denotes solid trabeculated bilateral fusion masses, Grade B denotes unilateral large fusion mass with contralateral small fusion mass, Grade C denotes small, thin fusion masses bilaterally, and Grade D denotes graft resorption bilaterally or obvious pseudarthrosis. The Lenke fusion grade was determined by 2 independent spine surgeons. 6 
Illustrative Case
Case 1
A 58-year-old man who had previously undergone an L4-S1 fusion in November of 2003 presented with severe back and leg pain consistent with neurogenic claudication. Preoperative MRI demonstrated a large disc herniation, overgrown facets, and ligament flavum hypertrophy, causing severe stenosis with nearly complete block of the spinal canal at the L3-4 level (Fig. 5) . The patient underwent L3-4 lumbar fusion with interbody grafting and CBT screw navigation with the intraoperative O-arm. Postoperative imaging demonstrated ideal placement of cortical screws (Fig. 6) . The patient had a hospital stay of 2 days. At last postoperative follow-up (15 months from surgery) the patient remained asymptomatic and was discharged from the clinic.
Results
Of the 5 patients who underwent CBT lumbar fusion for ASLD using spinal navigation, 2 were female and 3 were male. The average age of the cohort was 69.4 years (range 58-82 years). All patients had previously undergone lumbar fusion with traditional pedicle fixation. Preoperative assessment showed that the patients had a range of diagnoses contributing to their ASLD and stenosis (Table 1). However, all patients had adjacent-level stenosis.
The average operative duration was 218 minutes (range 175-315 minutes). Four of 5 surgeries were performed using the MAST MIDLF system. Only 1 surgery was performed using traditional open access. Estimated blood loss was less than 500 ml for all but 1 surgery (Table 2). One patient had an estimated blood loss of 650 ml, which was secondary to excessive bleeding from harvest- ing bone autograft from the previously fused construct. Cortical screw size at the level of previous instrumentation was 5.5 mm in diameter for all cases (Table 2 ). There were no postoperative complications and all patients were discharged home with an average hospital stay of 2.8 days (range 2-3 days; Table 3 ). The patients' index surgery was on average 6.6 years (range 3-13 years) prior to their revision surgery for ASLD ( Table 2 ).
All patients had more than 6 months of radiographic and clinical follow-up. Average follow-up was 12.2 months (range 10-15 months). All patients had Lenke fusion grades of A or B at last follow-up. All patients in the cohort endorsed improved symptoms at their last clinical visit (Table 3) . Two of 5 patients endorsed complete resolution of preoperative symptoms. One patient (Case 1) was discharged from the clinic given his improvement. Three of 5 patients had a decrease in the number of medications (prescription pain medicine and/or muscle relaxants) taken for symptom relief (Table 3) .
Discussion
Adjacent-segment disease is defined as new symptoms that are referable to an adjacent level after patients have undergone successful surgical intervention at an index level. Several hypotheses exist to explain the cause of adjacent-segment disease. In patients who have previously undergone fusion, it is believed that the increased biomechanical demand on the adjacent levels contributes to the development of adjacent-segment disease. 5, 13, 15 However, it is not known if adjacent-segment disease is a sequela of the natural history of spinal degenerative disease or secondary to iatrogenic changes of spinal biomechanics following surgery.
Whether the rate of ASLD is increased following fusion is controversial. Disparate results in the literature exist on the incidence of ASLD following previous lumbar fusion. 1, 11 Laminectomy adjacent to a lumbar fusion construct and a longer length of fusion construct are considered risk factors for the development of ASLD. The method of fusion has not been shown to correlate with the rate of ASLD. 15 There are few reports in the literature on the incidence of ASLD requiring subsequent surgical intervention. One study reported that 20% of patients required a second surgery for ASLD following posterolateral fusion after a minimum of 5 years of follow-up. 2 The interval between index surgery and subsequent surgery for ASLD has been reported to be in a range from 5 to 7 years. 5 In our small cohort, the range was from within 3 years to as many as 13 years (Table 2 ). This wide variability is likely secondary to the differential diagnoses and initial index surgery among the patient population.
The CBT is a relatively novel fixation technique that was developed to enhance screw-bone purchase with minimal soft-tissue dissection. The CBT starts at the lateral part of the pars interarticularis and follows a caudocephalad and laterally directed path. 9, 16 Initial biomechanical analyses demonstrated that CBT had equivalent pullout and toggle characteristics in comparison with traditional pedicle screw trajectory. 16 Uniaxial yield pullout load was 30% higher in the CBT screws in comparison with traditional trajectory pedicle screws. 16 In a recent study, CBT constructs with interbody grafting provided the same stability as constructs with pedicle screw fixation.
14 These biomechanical analyses were performed in cadaveric lumbar spines. In an in vivo analysis, the insertional torque with CBT is approximately 1.7 times higher than with the traditional pedicle trajectory technique. Insertional torque has been correlated with screw stability. 8 The higher cortical bone density interface of CBT screws results in an increase in interface strength per unit screw length. Therefore, fixation is independent of the bone trabecular quality that makes CBT an attractive option for patients with osteoporosis. 16, 21 Ueno et al. performed a corrective lumbar fusion using a double screw trajectory in a patient with degenerative scoliosis and osteoporosis. At each level, the patient had both a CBT screw and a traditional pedicle screw placed. 21 Prior to our study, this was the only known case in the literature to date that has reported pedicle fixation with this double trajectory technique.
In our study we used the CBT for our pedicle screw fixation in adjacent-level fusion constructs for patients with ASLD. This technique eliminates the need to expose, remove, or connect to preexisting hardware, with anticipated benefits of reduced operative time, blood loss, and dissection. At one level the pedicles must now accept 2 screws (1 CBT and 1 traditional pedicle trajectory). A key element in patient selection is determining whether a pedicle with a preexisting pedicle screw can accommodate a CBT pedicle screw. Pedicle size, along with the pedicular placement of the existing screw, is a critical determinant of whether a second screw may be added safely. A preoperative CT scan is very helpful in this regard, as the amount of residual, uninstrumented pedicle can be determined with accuracy. Because the smallest corticalthreaded pedicle screw is 4.5 mm, we believe a residual cortical-transpedicle pathway of at least 5.0 mm in diameter is adequate to accommodate a CBT screw. Cadaveric studies are needed to determine the minimum amount of residual pedicle necessary for adequate screw purchase when placing the second screw in this novel technique.
During intraoperative planning, the preoperative lateral plain radiograph may show sufficient pedicle above or below an existing screw. This view is enhanced with a sagittal reconstruction using CT. The O-arm 3D neuronavigation system provides real-time anatomical guidance for placing a new CBT screw in a pedicle with a preexisting traditional pedicle trajectory screw. This real-time imaging also informs the surgeon that this approach may not be used and that an alternative fixation technique must be considered. O-arm navigation is also particularly helpful for surgeons who are gaining familiarity with this technique. The narrow corridor of a residual pedicle is a challenge to navigate using a freehand technique, although it is certainly viable as a surgeon gains experience. The real-time trajectory and anatomical guidance reduces the risk of pedicle breach that would be inherent without navigation during screw placement, given the anatomical constraints. In cadavers without deformity or prior instrumentation, there was no difference between O-arm or C-arm use in breach rates when placing thoracic and lumbosacral pedicle screws. 20 However, many studies support neuronavigation in improving screw placement. 17, 18, 22 In the technique used in this study, we surmise that the same accuracy benefits of using Oarm navigation are derived in the CBT screw placement, where increased accuracy is mandated due to the existing pedicle screw.
Besides considerations regarding the amount of residual pedicle when performing the double pedicle screw technique, there are no unique contraindications to using the CBT technique compared with a traditional pedicle screw trajectory. The advantages of the limited dissection necessary using this technique make it ideal in high-risk patients, including the morbidly obese and diabetic population. Initial biomechanical studies on CBT also make this attractive for osteoporotic patients given the increase in cortical bone purchase. 16, 21 We have yet to use this method for multilevel ASLD or ASLD with spinal deformity. We have been successful in treating both proximal and distal ASLD but would suggest caution in attempting this technique with a multilevel lumbar fusion and ASLD at L5-S1. Patients have been treated for proximal ASLD at levels up to L-2 but these data are not included in this paper because we did not use spinal navigation for these patients. The unique pedicle anatomy in the upper lumbar spine mandates careful review of the existing fusion and pedicle screw interface on intraoperative radiographic imaging. We have used interbody grafts with all our surgeries as our patients benefitted from the restoration of disc height or sagittal or coronal alignment. We are concerned that the CBT in ASLD may be prone to "toggling" without an interbody graft. However, this concern is not supported by cadaveric biomechanical data, and we are currently studying this question in the laboratory.
Our cohort had an average hospital stay of 2.8 days. We presume that not exposing previously placed hardware contributed to a reduction in operative time, and thus a decreased hospital stay. Further prospective studies need to be conducted to verify this hypothesis. All patients endorsed symptom improvement compared with their preoperative state at last follow-up. Limitations of our study include the small cohort and its retrospective nature. No verified questionnaires to determine functional status were used in our outcome assessment. In the future, we would like to collect these data prospectively.
Conclusions
The treatment of symptomatic ASLD remains heterogeneous and we present a novel fusion technique that uses CBT pedicle screw fixation in a previously instrumented pedicle with CT-guided navigation. This method negates the need for hardware removal. Our cohort of patients did well postoperatively and had evidence of radiographic fusion on follow-up. Computed tomography navigation was critical for accurate screw placement at levels in which double screws were present in a single pedicle.
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